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Abstract 
Gust wind speeds in high wind speed conditions are important for load estimation on large structures in exposed locations, like a 
multi-megawatt wind turbine. Modern wind turbines operate at wind speeds up to 25 m/s so it is important to know the expected 
amplitude, acceleration and relevant scale of typical wind gusts under operating conditions. 
The wind measurement station at Frøya is located near the village of Titran on the western tip of the island. The site (Fig. 1) is 
well suited for measuring coastal and marine wind conditions relevant for offshore and coastal wind farms. The database contains 
several hundred hours of wind data from high wind speed conditions (>15 m/s). A 100 meter high meteorological mast with 2D 
ultrasonic anemometers at 6 levels have been used to collect wind data over a time period of 5 years from 2009 to 2014. 
Gust factors (G) measured at Frøya have been studied and correlated with height, wind speed, turbulence intensity (TI) and 
atmospheric stability, and compared to existing models. 
The gust factor mainly depends on turbulence intensity and gust averaging time. This indicates that the “peak factor” (kP) is a 
better measure for gustiness when turbulence values are available. kP decreases with increasing turbulence intensity and 
averaging time, but is less dependent on atmospheric stability. Its pdf follows a Gumbel distribution. An asymmetry of the 
measured gusts could be observed , showing a higher fall time compared to rise time. 
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1. Introduction 
A wind turbine is harvesting the energy in the wind, but must also withstand the large dynamic forces imposed by 
the turbulent wind field. Ideally we would like the wind speed to be constant with no fluctuations, both from a 
design and operation point of view, but the reality is far from ideal. The atmospheric wind is turbulent over a large 
range of scales and wind gusts of the scale of a wind turbine become important for load calculation and wind turbine 
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control [1, 2]. The gust factor is a crude representation of the dynamic properties of the wind and is of limited value 
for dynamic analysis, but often this is the only available measure of turbulence from long term routine 
meteorological measurements. Average and maximum wind speed measurements are available from a large number 
of onshore meteorological stations and a few offshore stations, often as 10 minute or 1 hour values at 10 meter 
height. In order to estimate wind loads at these locations the ratio between maximum and average wind speed is 
useful. A common definition of the gust factor is 
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where umax,τ is the maximum τ-second moving average wind speed during a T-second averaging period and UT  
is the T-second average wind speed[3]. Common values for T are 10 minutes – 1 hour and for τ 1-10 seconds. In a 
similar manner a normalized gust factor is defined as the ratio between the maximum wind speed fluctuation and the 
standard deviation of the longitudinal wind component (σu), 
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where Iu is the longitudinal turbulence intensity. The gustiness parameter kp, which we here denote “peak factor” 
is also sometimes referred to as “gust factor”. 
Traditionally a 3-second gust has been used in standards for buildings as this was considered a typical averaging 
times for the anemometers used. It has however been shown that the averaging time of the gust should be related to 
the structural dimensions considered. Greenway [4] introduced the dependence of the gust scale for a given structure 
directly into an expression for the gust factor as the ratio between integral length scale and a structural dimension. 
Frandsen et al. [5] relates the moving average filter time, τ, to a spatial averaging of the wind speed equivalent to the 
effective spatial wind turbine rotor filtering  and finds that the traditional 3-second averaging often used for 
buildings is too short for a modern large scale wind turbine. Using his formulation for a wind speed filter frequency 
based on rotor diameter, mean wind speed and integral length scale of turbulence we find an averaging time closer 
to 10 seconds for a multi megawatt wind turbine under typical conditions. 
A number of models for the gust factor have been proposed in the literature. In [5] a model linking the peak 
factor to the scale of turbulence is presented. Greenway [4], continuing the work of Davenport [6], presented an 
analytical expression for the probability distribution of the gust factor based on a von Karman spectrum and a 
Gaussian wind speed distribution. This formulation however becomes quite complex and an empirical simplification 
was later added by Wood [7]. Wieringa [8] presented a simple expression for GT,τ based on turbulence intensity or 
roughness length and height. In civil engineering standards we find different approaches to the wind gust factor. The 
ISO standard for Wind loading on structures [9] uses a mean kP varying only with averaging time based on a 1 hour 
average wind speed while ESDU [10] uses the results of Greenway and Wood. Kristiansen et al. [11] discussed two 
different approaches to gust analysis, one based on a theory of the rate of exceedance of a normalized wind speed, 
and the other based on the Gumbel distribution.  
The wind velocity gust factor treated here is related to the gust loading factor used in codes for structural load 
calculations for buildings [12, 13] and the formulation can be applied to a number of effects related to wind speed 
fluctuations [14]. In this paper we will study the main parameters influencing the wind velocity gust factor such as 
wind speed, height, turbulence intensity and atmospheric stability and compare measurements to some of the above 
mentioned models. Changes in wind direction are not treaded in this study.  
2. Methods 
Wind data have been collected from a meteorological station on the island Frøya on the western coast of Norway. 
The site shown in Figure 3 represents an exposed coastal wind climate with open sea-fetch, land fetch and mixed 
fetch from the various directions. The surrounding terrain is characterized by moor and bare rock in rolling 
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formations and the roughness length z0 found from vertical velocity profiles is ranging from 0.0005 to 0.02 and the 
analysis includes measurements from all wind directions. Mean wind speed at 10m is 6.5 m/s and average power 
law exponent α is 0.108. The dataset contains measurements from a 100 meter high mast from 2009-2015. The mast 
is instrumented with Gill WindObserver 2D ultrasonic anemometers mounted in pairs at 6 levels from 10 to 100 
meters above ground with a sampling frequency of 1 Hz. Former studies have commonly used cup anemometers to 
measure the wind speed. Cup anemometers are known to overspeed in turbulent conditions and hence add a positive 
bias to the mean wind speed. However, a moving average maximum will also be overestimated, so the net effect of 
overspeeding on G could be considered low. 
a 
 
b 
  
Figure 1 (a) Location of the measurement station at Frøya  and  (b) a view of the surrounding terrain and mast. 
Velocity gust factors and peak factors have been calculated from 100 000 time series according to (1) and (2), 
using a time interval, T of 10 minutes and moving average filter time, τ of 1, 3 and 10 seconds. According to [5] 
these averaging times represent a rotor diameter of  10, 30 and 110 meters respectively. Because low frequency 
trends in each 10 minute window can significantly influence the gust factor, linear de-trending has been applied to 
each time interval prior to analysis. As stated by Wireinga [8], non-stationarity in the time series causes the 
distribution of gust factors to be skewed towards higher values. Apart from the gust factor, the time scale of the 
maximum gusts has been characterized by the rise time and fall time relative to the mean wind speed as shown in 
Figure 2. 
The atmospheric stability has been estimated from profile data for temperature and wind speed. The bulk 
Richardson number has been calculated as: 
ܴ݅஻ ൌ
݃
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where θv is virtual potential temperature, z is the upper height and U is the mean wind speed at height z = 10 m. The 
dimensionless stability parameter z/L has been estimated using the following relationships[15]: 
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  using C=10. 
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3.  Results and Discussion 
The rise time and fall time of a gust can tell something about the timescale of the largest wind velocity 
fluctuations. Since the rise time is here defined as the time from the last crossing of the mean to the highest peak this 
value will give us the mean acceleration of a gust, but the maximum instantaneous acceleration will always be 
higher since the gust may be part of a larger structure. As seen in Figure 2b, the fall time has a broader distribution 
and a higher mean than the rise time, indicating that on average c > b in Figure 2a, and the gusts are in fact not 
symmetric as the IEC “extreme operating gust”. The average rise time is 19,6 s while the average fall time is 28,2 s. 
The three parameter Weibull curve fitted to the data in Figure 2b seems to represent the distribution of the gust 
duration. 
 
a 
 
b 
 
Figure 2 (a) Parameters describing a gust, a, amplitude, b, rise time and c, fall time. (b) Distribution of rise time and fall time of the maximum 3-
second gust in each 10 minute time series fitted with a Weibull distribution 
As stated by Greenway[4] the gust response of a structure depends on the structural dimension and the 
appropriate gust duration should be selected accordingly. The variation of gust factor with averaging time for 
heights of 100 meters and 10 meters is shown in Figure 4. The gust factor naturally increases with gust averaging 
time, τ, but the absolute difference are larger at 10 m which may follow from the larger turbulence intensities at 
lower heights. The same variation is seen for the peak factor in Figure 3a. The width of the distributions also reduces 
as the averaging time increases, as could be expected.  
 
a b 
Figure 3 Variation of peak factor (a) kP 600,τ  at 10 m with gust averaging time, τ and (b) kP 600,10 with height for mean wind speed UT > 15 m/s.  
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The gust factor in steady mean wind conditions depends on the turbulent fluctuation of the wind and particularly 
the intensity and integral scale of turbulence. Both the mean and the variance of the probability distribution of the 
gust factor G changes with height as is seen in Figure 3. The distribution broadens and shifts to higher G closer to 
the ground as a result of higher turbulence intensity. Using instead the peak factor as shown in Figure 3b the pdfs 
attain the same mode, but the distribution is wider at higher altitude. The distribution of peak factor can be 
reasonably well described by a Gumbel distribution which is used to predict return periods of extreme events. The 
mean peak factor, kp 600,10, for both heights shown in Figure 3b is 1,75. 
 
a 
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Figure 4 Variation of gust factor G600,τ distribution with gust averaging time, τ, at (a) 100 m and (b) 10 m for mean wind speed UT > 15 m/s. 
Comparing the measured gust factors to the analytical model of Greenway [4] we use only data from narrow bins 
around the model input for wind speed (15±1 m/s) and turbulence intensity (0.1±0.01). For a detailed derivation of 
the model see [4, 7]. The results shown in Figure 5 shows a discrepancy between the measurements and the model, 
the model giving a mode value 1.24 compared to a mode of 1.20 from the data, while the scale of the distribution 
fits better. A length scale of 300 meters is used, but it could be noted that the analytical model is not very sensitive 
to the integral length scale used. The error increases with increasing turbulence intensity and systematically 
overestimates the gust factors from the Frøya dataset. 
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Figure 5 Measurements of G600,3 compared to the analytical model from [4] for U=15m/s, Iu=0.1 and L=300. Measurements include 14m/s < 
U< 16m/s and 0.09 < Iu < 0.11. 
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Figure 6 shows the dependence of the gust factor on wind speed and height and indicates that gust factor follows 
the same asymptotic shape as the turbulence intensity. Using kP instead of G eliminates the influence of wind speed 
and a constant peak factor around 2.2 appears for all heights. Thus it is apparent that the effect of wind speed on G is 
only related to the turbulence intensity. The peak factor is however also dependent on IU as seen in Figure 7b. An 
approximate linear decreasing trend is observed with increasing turbulence for all gust averaging periods. 
Figure 6 (a) Gust factor G600,3 vs. wind speed for different height, (b) Peak factor kP 600,3 vs. wind speed for different height, 
From Wieringa [8] a simple model for the gust dependence on Iu can be derived 
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This model is compared with measurements in Figure 7a and shows a good fit for low and moderate turbulence 
intensities, but not IU > ~ 0.2. The reason for this might be that the high turbulence intensity conditions are 
associated with low wind speeds and therefore the assumption of a Gaussian wind speed distribution is broken. The 
ISO standard for wind actions on structures [9] recommends mean values for kP of 3.9, 3.0 and 2.4 respectively for 
1, 3 and 10 second gust averages, which compared to Figure 7b seem quite high for the Frøya location, as also stated 
in [5]. 
Figure 7 (a) Gust factor G600,τ vs. turbulence intensity for various gust averaging compared to (3. (b) Peak factor kP 600,τ vs. turbulence intensity for 
various gust averaging. 
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Atmospheric stability relates to both intensity and length scale of turbulence. It is therefore expected that the gust 
factor is lower for stable conditions as is confirmed in Figure 8a and in agreement with the findings in [16]. For 
neutral to stable conditions the gust factor is nearly constant, while it steadily increases for increasing instability. 
The peak factor (Figure 8b) is less sensitive to stability, but shows a slightly deceasing trend with increased stability. 
This variation might be due to the larger scale of turbulence associated with unstable conditions[17]. The stability 
parameter used here has been estimated from the measured bulk Richardson number.  
Figure 8 (a) Gust factor G600,τ  vs. atmospheric stability, (b) Peak factor kP 600,τ  vs. atmospheric stability for different heights. 
4. Conclusion 
The dependence of measured gust factors on various parameters of the atmospheric wind field is presented based 
on a 5 year dataset from Frøya. The gust factor mainly depends on turbulence intensity and averaging time for gust 
and mean wind speeds, and the simple linear model by Wieringa [8] fits the measurements well for low and 
intermediate turbulence. The model from Greenway [4] for the distribution of gust factors shows an overall 
overestimation compared to the measured data, but with a good fit for the scale parameter. Using instead the peak 
factor which includes the turbulence intensity the dependence on turbulence and atmospheric stability is reduced, 
but still present. This indicates that the “peak factor” (kP) is a better measure for gustiness when turbulence values 
are available and its pdf follows a Gumbel distribution. An asymmetry of the measured gusts could also be 
observed, showing a higher fall time compared to rise time. It is important to consider the gust averaging time 
relevant for the specific application as this has great impact on the gust factor [4, 5]. 
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